Introduction
Chagas disease, which is caused by the protozoan parasite Trypanosoma cruzi, is a serious health problem in Latin America and is an emerging disease in nonendemic countries [1] . According to estimates from the World Health Organization updated in March 2017, approximately 6-7 million people are infected worldwide. More than 10,000 people die annually from clinical manifestations of Chagas disease, and 25 million are at risk of acquiring the infection [2] .
Although historically, Chagas disease is a poverty-associated disease because transmission of T. cruzi occurs mostly in rural areas where humans live in poor-quality houses and in close contact with potential vectors [3] , the epidemiological profile of Chagas disease has changed over the last several decades. Factors such as immigration, transmission via blood transfusion and pregnancy, and consumption of contaminated food have contributed to the spread of this disease into nonendemic areas, and Chagas disease is becoming a major health threat in Europe and North America [4] .
In addition to being a prevalent disease with clinical and epidemiological relevance, Chagas disease is important in terms of its economic impact. The early mortality and incapacity caused by the disease, which often occurs in the most productive populations, result in great economic losses. Further, up to 30% of chronically infected patients develop cardiac alterations, and 10% develop digestive, neurological or mixed alterations approximately 20 years after the initial infection. In this sense, there is a need for specific and long-term treatment, which increases the costs related to the disease [2, 5] . Despite being one of the major tropical infections in terms of global burden, Chagas disease is considered one of the most neglected diseases. The currently available chemotherapy is based on two agents introduced to the market in the 1970s: the nitroimidazole compound benznidazole (Benzonidazol, LAFEPE®) and the nitrofuran compound nifurtimox (Lampit®, Bayer Healthcare) ( Fig. 1) [6, 7] . Both act as prodrugs and exert their activities through the bioreduction of the nitro group via nitroreductases-mediated reactions. Oxidative stress, DNA damage and thiol depletion are the major mechanisms responsible for the trypanocidal activity of these substances [8, 9] . Unfortunately, although they are beneficial in the acute phase of the disease, benznidazole and nifurtimox are not uniformly efficacious in the chronic stage, and both lead to significant side effects, including hepatitis and neurotoxicity, which result in a sizable number of individuals not completing a full course of treatment [10, 11] . This scenario clearly indicates that research on new anti-T. cruzi agents is required.
Over the last decade, some efforts have been dedicated to developing a more efficient treatment for Chagas disease. The BENEFIT trial, carried out in 2004 and 2011, was the largest multicenter, multinational, randomized study ever conducted in patients infected with T. cruzi. This study aimed at evaluating the efficacy and safety of benznidazole in reducing clinical outcomes among patients with chronic Chagas cardiomyopathy. However, only modest and unsustained antiparasitic activity was observed [12] . The STOP-CHAGAS, CHAGASA-ZOL and DNDi-CH-E1224-001 trials evaluated the trypanocidal activity of the ergosterol biosynthesis inhibitors posaconazole and ravuconazole ( Fig. 1 ) in chronic patients. However, these compounds were ineffective and resulted in a higher percentage of treatment failures, thus offering no potential as monotherapies for Chagas disease [13] [14] [15] . Finally, fexinidazole ( Fig. 1) , another nitroheterocyclic compound, has shown promising results and is currently undergoing phase II trials [16] . Although some advances have been made, an effective, safe and inexpensive anti-T. cruzi drug is still not available.
Schiff bases are compounds containing an azomethine group, usually obtained by the condensation of primary amines and aldehydes or ketones [17] . These compounds have attracted considerable attention from organic and medicinal chemists due to their broad range of antimicrobial activities, including antifungal, antibacterial, antileishmanial and antiplasmodial activities [18] [19] [20] [21] . However, to date, there have been few reports on the trypanocidal activity of this class of compounds. Recently, Martins et al. showed that the Schiff base 2-(((5-nitrofuran-2-yl)methylene)amino)phenol (1, Fig. 1 ) had a promising activity against T. cruzi. This compound was as active as benznidazole in inhibiting T. cruzi bloodstream trypomastigotes (Y strain) (EC 50 14 μmol L −1 ) [22] . Encouraged by this result, we decided to synthesize ten Schiff bases and determine their in vitro and in vivo activity against T. cruzi.
Methods

Synthesis of Schiff bases
Schiff bases 1-10 were prepared by microwave-assisted condensation between corresponding aldehydes and aromatic amines [23] . The chemicals were solubilized in ethanol and the solutions were irradiated in a CEM Discover® reactor for 2 min. After this period, the reaction mixtures were stored in a refrigerator until the crystallization of the products. The resulting solids were filtered and washed with ice-cold ethanol. Compounds 1, 2, and 6-10 were previously synthesized by our research group and their spectroscopic data are in accordance with those published elsewhere [23] . The structures of Schiff bases 3, 4 and 5 were confirmed by IR, 1 H and 13 C NMR.
2-(((5-Nitrofuran-2-yl)methylene)amino)phenol (1):
Mp: 160°C (dec) (lit.: 158°C (dec) [24] [31] . After 4 days of growth (log phase), the cells were harvested by centrifugation (1000 × g at 4°C) and washed in phosphate buffered saline (PBS) at pH 7.3, and the number of cells was determined in a Neubauer chamber. USA). Polyethylene glycol 300 (PEG 300), ethanol (EtOH) and propylene glycol (PG) were all of analytical grade and were purchased from Vetec (Rio de Janeiro, Brazil). Methylcellulose was purchased from Dow Chemical (São Paulo, Brazil).
Preparation of Schiff base and reference drugs suspensions for in vivo administration.
Schiff base suspensions for oral administration were prepared by dissolving Schiff bases in a mixture of surfactants and cosolvents containing polyethylene glycol 300 (60%), propylene glycol (32%), Tween® 80 (5%) and ethanol (3%) [32] . For toxicity and rapid test, 125 mg of Schiff base was dissolved in 1 mL of the solution previously described, obtaining a suspension with the concentration of 12.5%. Subsequently, a 1:5 (v/v) dilution in distilled water was performed to reach the correct dose (500 mg kg −1 ) at a final volume of 400 μL for oral administration. For classical tests, 25 mg of Schiff base was dissolved in 1 mL of the solution previously described, obtaining a suspension with the concentration of 2.5%. Subsequently, a 1:5 (v/v) dilution in distilled water was performed to reach the correct dose (100 mg kg −1 ) at a final volume of 400 μL for oral administration.
Benznidazole and nifurtimox were administered orally in a 4% methylcellulose aqueous suspension. 
The formatation of this paragraphy is
The formatation of this paragraphy is different from the others. Should be justified. Treatment of healthy animals with doses to evaluate acute toxic effects.
To determine the no-observed-adverse-effect-level (NOAEL), groups of six healthy animals were treated with Schiff bases orally with a single dose (500 mg kg −1 ). Postapplication animals were weighed and observed daily (i.e., general movement and behavior, skin appearance and lesion developments), and their microenvironment was examined (i.e., presence of blood in urine and snout; general characteristics of fecal material). The animals were evaluated for 48 h for the occurrence of toxic and subtoxic symptoms according to OECD guidelines [33] . At day 3, the animals were weighed, anesthetized with ketamine (7.5 mg kg −1 ) and xylazine (60 mg kg −1 ), sacrificed and necropsied. The liver and blood were submitted to further studies [34] [35] [36] .
The formatation of this paragraphy is different from the others. Should be justified. Hematological investigations and clinical chemistry.
Hematological and clinical chemistry examinations were performed on all animals after three days of treatment with the Schiff bases (at a dose of 500 mg kg −1 ) following the method described by Boiani et al. and Cabrera et al. [34, 35] . The mice were anesthetized with a mixture of xylazine (7.5 mg kg −1 ) and ketamine (60 mg kg −1 ), and blood samples were collected in tubes containing 0.18% w/v EDTA (used for hematological exams) and in tubes without anticoagulants (used for clinical chemistry exams). The evaluated hematology parameters included hemoglobin, hematocrit, and total leukocyte count. All analyses were performed using an automated analyzer (Mindray BC-2800Vet). The liver function was evaluated by measuring the alanine aminotransferase (ALT) and by aspartate aminotransferase (AST) activities, which were determined by spectrophotometric analysis in an autoanalyzer (Wiener Lab model CM200, Kinetic Analysis) and diagnostic kits for the kinetic analysis of the Cristal line, donated by the Bioclin-Quibasa laboratory (Belo Horizonte, Minas Gerais, Brazil).
Histopathological examination.
The liver was removed, washed with 0.9% w/v NaCl solution and fixed in 10% v/v buffered formalin.
The tissue was embedded in a paraffin block, cut into 5-μm-thick sections and placed on glass slides. After hematoxylin-eosin staining, photos were taken using an optical microscope. The parameters observed were inflammation, congestion and degeneration. This organ was chosen because the liver is related to drug biotransformation. A pathologist who was blinded to the treatment performed the qualitative analysis of the slides for pathology.
Rapid susceptibility test of T. cruzi to treatment.
The evaluation of the effect of the Schiff bases on T. cruzi was made through a rapid susceptibility test, according to Filardi and Brener [37] . Infection was performed via an intraperitoneal injection of 10 4 blood trypomastigotes (Y strain). Groups of six animals were treated with the Schiff bases or with the reference drugs, nifurtimox and benznidazole. The treatment was performed on the day of the parasitemia peak (7th day of infection), orally and using a single dose (500 mg kg −1 ). The evaluation of the compounds was performed by comparing the curves of parasitemia and the survival rate of the animals treated with Schiff bases and the animals treated with the reference drugs.
Parasitemia: The evaluation of parasitemia was performed using blood collected from the caudal veins of the mice (fresh blood test), and quantification of the parasites was performed as described by Brener [38] . The number of parasites was established prior to treatment, at two and six hours, and at one, two and five days after treatment. The parasitemia curves represent the mean number of parasites observed in the peripheral blood of the mice of each experimental group. Rate of survival: The survival of the animals was evaluated on the 14th day after infection.
Evaluation of the therapeutic action in a long test.
The evaluation of therapeutic action in a long test was based on the protocol of Filardi and Brener [39] . Groups of eight animals were infected with 5 × 10 ) and those of the animals in the untreated group.
Parasitemia: The evaluation of parasitemia was performed in the blood collected from the caudal veins of the mice (fresh blood test), and the quantification of parasites was determined as described by Brener [38] . The parasite number was determined on the 4 th day after inoculation and was evaluated on alternate days until no more parasites were observed in the fresh blood test for five consecutive days or until the death of the mice. The parasitemia curves represent the mean number of parasites observed in the peripheral blood of the mice of each experimental group. Survival: The survival of the animals was evaluated daily until the 60 th day after infection. 
Results and discussion
Synthesis of Schiff bases
Compounds containing a nitroaromatic group are known for their clinical applications. This class of substances is used to treat a wide variety of diseases, including Parkinson's disease and hypertension [40, 41] . Additionally, several nitroaromatic compounds are also used as anti-infective agents, including drugs to treat parasitic infections such as giardiasis, cryptosporidiosis, trichomoniasis, amoebiasis, sleeping sickness and Chagas disease [42] . In this work, we synthesized a series of nitroaromatic and nitroheteroaromatic Schiff bases with different substitution patterns (Fig. 2) .
Compounds 1-10 were obtained by microwave-assisted condensation between the corresponding aldehydes and aromatic amines. Schiff bases were isolated by recrystallization at good to excellent yields (73-92%) after only 2 min of reaction. Following synthesis, the compounds were characterized using infrared (IR), 1 H and 13 C nuclear magnetic resonance (NMR) spectroscopies. All of the synthesized compounds presented similar spectra in the infrared region, with the main absorption bands being observed at ∼1620 cm −1 , corresponding
to C]N bond stretching. The 1 HNMR spectra obtained for the Schiff bases showed signals characteristic of azomethine protons in δ ∼ 8.50 (Table 1) .
Fig. 2. Chemical structures of synthesized Schiff bases.
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In vitro anti-T. cruzi activity
Initially, we investigated the in vitro effects of Schiff bases 1-10 against T. cruzi epimastigotes (Y strain) proliferation. The EC 50 values obtained for each compound are presented in Table 2 . Among the synthesized compounds, Schiff bases 3, 5 and 6 were the most active, with EC 50 values of 9.87, 4.04 and 9.67 μM, respectively. Compound 7, which is the non-nitrated analogue of 2, was one of the least active compounds, (EC 50 of 81.95 μM). Since the 2-nitrofuranyl moiety is the pharmacophoric group of nifurtimox, the Schiff bases containing this nucleus were expected to be more active. However, the substituents present on the other aromatic portions of the synthesized compounds interfered in the anti-T. cruzi activity. While unsubstituted compound 6 and 2-hydroxy-substituted compound 1 showed EC 50 values of 9.67 and 13.67 μM, respectively, the cyano derivative 5 was twice and three times more potent, respectively, than these compounds, with an EC 50 of 4.04 μM ( Table 2) .
Schiff base 8, an ortho-hydroxylated derivative, (EC 50 = 15.63 μM) was almost seven times more active than the para-hydroxylated analogue 9. Compound 10, a nitrocinnamaldehyde derivative, was found to be as potent as compound 8, indicating that the additional C]C double bond does not have a strong influence on the trypanocidal activity of these compounds. It is known that compounds containing a nitro-furanyl moiety have a greater reduction potential than nitrophenyl derivatives do [43] . Thus, these results suggest that the bioreduction of nitro groups is correlated with the observed trypanocidal activities. Interestingly, the position of the hydroxyl group in the aromatic ring also had exerted a strong influence on the anti T. cruzi activity of the compound. In addition to promising anti-T. cruzi activity showed by the Schiff bases described here, it is important to highlight that the derivatives 1,2 and 6-10 have shown only moderate cytotoxicity activity (GI 50 = 27.1-117.6 μM) against African green monkey kidney cells (nontumorigenic VERO cell line) [23] . Derivatives 3, 4 and 5 also presented only moderate antiproliferative activities against the VERO cell line (GI 50 = 115.7, 93.7 and 25.3 μM, respectively) (data not published). Based on these results, the selectivity indexes (determined as the ratio of the GI 50 value for VERO to the EC 50 value obtained for T. cruzi) for the Schiff bases are: 5 (1), 11 (2), 6 (4), 6 (5), 3 (6), 8 (7) and 5 (10) . Derivatives 3, 8 and 9 were more cytotoxic for the VERO cell line than for T. cruzi.
Toxic and biological effects
Our initial goal was to develop formulations in solution with Schiff bases. Several solvents, surfactants and cosurfactants have been previously assayed. Solutions are preferred for preclinical evaluation because the new molecules are present in an absorption-ready state. Therefore, several cosolvents and nonionic surfactants were used to obtain a homogeneous formulation [32] . Using the mixture of TWEEN 80:PEG 300: EtOH: PG, a suspension was obtained. However, the use of a suspension is limited by the nonuniformity of the dose due to timedependent settling and particle agglomeration. Thus, a good absorption profile could not be obtained. The inability new substance to reach the desired therapeutic concentrations provides strong motivation to develop new distribution systems that will help the therapeutic efficacy [32] .
To determine the possible toxic effects, the animals were treated orally with a single dose of each Schiff base (500 mg kg −1 ), and individual parameters were analyzed. No changes, such as diarrhea, * Values are expressed as the mean ± standard deviation. Statistical analysis: t-test (p < 0.05 were considered significant) among the groups marked with the same letters. In relation to compounds 5, 7, 9 and benznidazole, all differences were statistically significant from all. CI (95%) 95% confidence interval values. ). Control group: animals treated with the suspension excipients (60% PEG 300, 32% PG, 5% Tween 80, 3% EtOH). ataxia or weakness, were observed in the behavioral and functional parameters of any of the animals treated with the Schiff bases, compared to the vehicle-treated mice. Furthermore, there were no cutaneous symptoms, lesions or appearance of blood in the fecal material.
Monitoring of body weight is an important indicator for evaluating the toxicity of a substance. There was no significant difference (p > 0.05) in the weights of the animals before and after treatment with the Schiff bases, as shown in Fig. 3 . Biochemical and hematological analysis showed that there were no significant differences (p > 0.05) between the animals treated with the Schiff bases and the control groups. No differences suggestive of the absence of liver damage were observed in the AST and ALT levels in mice exposed to the Schiff bases (Table 3 ) [44] .
Macroscopic observation in the dissection process and histological studies of liver (Table 4) showed that there were no differences in the analyzed parameters between the treated and healthy untreated animals, suggesting the absence of hepatic damage in the animals treated with the Schiff bases. The survival rates were 100% for all of the groups.
Our results showed a good safety profile for the Schiff bases, certainly indicating that studies of acute and chronic toxicity should be conducted to obtain a better understanding of the toxicity; additionally, the screening performed in our work was very useful, and we can even compare our results with studies by Cabrera et al. (2009) that demonstrated that some 5-nitro-2-furyl derivatives were toxic. The literature shows that animals treated with the nifurtimox -the reference drug used in our study -showed a reduction of 6% in the weight of treated animals and a large number of alterations in liver histology [35] . However, no change in biochemical and hematological parameters were observed for benznidazole and nifurtimox in the studies reported in the literature [33] [34] [35] 45] .
In vivo anti-T. cruzi activity
T. cruzi susceptibility to treatment in vivo (rapid test)
The parasitemia curves of the animals infected with the T. cruzi strain Y, partially sensitive to benznidazole, and treated with a single dose (500 mg kg −1 ) of the Schiff bases, benznidazole or nifurtimox by oral route are represented in Fig. 4(A-B) (here, only the Schiff base derivatives with a nitro group in their structure were evaluated). The results showed that only animals treated with compound 2 showed a reduction in parasitemia (p < 0.05), which was similar to the results observed in the animals treated with benznidazole or nifurtimox and different from the results observed in the groups of animals treated with the other synthesized compounds. Interestingly, this compound was among the least active of the 2-nitrofuranyl derivatives in the in vitro assays. In particular, this result was observed for the vast majority of the compounds or substances tested for anti-T. cruzi activity. However, these results only mean that the parasite is susceptible to this compound, and no prediction can be made regarding the effectiveness of compound 2 in vivo.
The results for the survival of the animals infected with the T. cruzi Y strain and treated with a single oral dose of Schiff bases, benznidazole or nifurtimox is shown in Table 5 . The animals treated with Schiff bases 5 and 10 showed 100% survival, identical to the animals treated with benznidazole or nifurtimox. Animals treated with compounds 2, 4, 6 and 8 had survival rates higher than 80% and were then chosen for the standard in vivo treatment test (treatment for 20 days). Compounds 1, 3 and 9 had lower survival rates (25%, 62% and 16%, respectively) and were not evaluated in the classical test of T. cruzi susceptibility to treatment.
Rapid tests were performed to screen the Schiff bases that had an impact on parasitemia and showed survival that was better or equal to those of the reference drugs (benznidazole and nifurtimox) in a short period of time (three days). Thus, compounds 2, 4, 5, 6, 8, and 10 were chosen for evaluation by the classical test in vivo (treatment for 20 days).
Classical test of T. cruzi susceptibility to treatment in vivo
The ) are shown in Fig. 5 . The results showed that all animals (100%) treated with benznidazole or nifurtimox had subpatent parasitemia during and after treatment. Animals treated with compounds 5 and 6 showed a significant reduction in parasitemia (p > 0.05) relative to the control group (infected and not treated) but with a lower intensity than observed in the animals treated with reference drugs (p > 0.05). It should be noted that Schiff base 5 was also the most active in the in vitro assays. Unlike for the rapid test, the Schiff bases that were more active for significantly reducing of the parasitemia were 5 and 6.
Although these compounds were less active than the benznidazole and nifurtimox reference drugs which maintained the animals with subpatent parasitemia throughout the experiment, it is important to keep in mind that the Colombian strain is a typical example of a T. cruzi strain that is resistant to the reference drugs [37, 39] . Thus, these active Schiff bases should be assayed with partially resistant and susceptible parasites, which represent 64.27% of the 104 strains evaluated for resistance/susceptibility to the classical compounds nifurtimox and Table 4 Histological results for liver in healthy animals treated orally with single dose of Schiff bases.
Animal treated Inflammation Congestion Degeneration ) are shown in Table 6 . The animals treated with benznidazole and nifurtimox showed 100% survival. The group treated with Schiff base 10 presented 62.5% survival, followed by the group treated with 5 (25%) and the groups treated with 4 and 3 (12.5%).
The results obtained for Schiff base 10 correlate with the results obtained in the rapid susceptibility test, in which the increase in parasitemia was suppressed. There was also a correlation between the tests in relation to survival. This compound presented the best results among all the synthesized compounds. Interestingly, Schiff base 10 was also the second most active compound in the rapid test. Although the animals treated with this compound in the classical test presented a relatively high level of parasitemia on the 7th day after infection, 10 was the compound that subsequently maintained the best control of the parasitemia. Furthermore, in the rapid test, the animals treated with compound 10 showed subclinical parasitemia on the 12th day of infection, that is, 8 days after treatment.
Using a partially sensitive strain of T. cruzi (strain Y) a good ). Treatment started in the patent period on the 7 th day after infection. Schiff base 7 was not evaluated in the in vivo tests due to its low activity in the in vitro assays. INT (infected and not treated (control)). Treatment started on the 7 th day after infection when the animals were in the peak of parasitemia. INT (infected and not treated (control)). All animals were treated daily for 20 consecutive days. Treatment started on the 4th day after infection when the infection was confirmed.
correlation was not observed between the results obtained with the rapid test and those obtained with the classical regimens involving the administration of Schiff bases for 20 consecutive days and a prolonged evaluation period, as performed by Filardi and Brener [37] . However, the rapid test is recommended and applied for the screening of compounds or chemicals active against T. cruzi because this test rapidly evaluated the impact of the active substances on parasitemia and mortality caused by this strain in the acute phase of the infection in the murine model. The classical studies in the literature demonstrate that the Y strain is considered to be partially resistant to BZ and nifurtimox in mice [39] when submitted to the classical treatment leading to an approximately 50% cure rate in mice and 100% of reduction in blood trypomastigotes forms (parasitemia). This strain is ideal for this type of test due to its high virulence (parasitemia and mortality during the acute phase). Therefore, the effect of the active substances against T. cruzi may be easily observed by using these parameters in both tests. When the rapid test was performed, a parasitemia reduction of approximately 77% was verified, as observed by Filardi and Brener [37] . Although with an exception of compound 2, the Schiff bases did not show a reduction in parasitemia in the rapid test, we used the results of the animals' survival to justify the subsequent evaluation by the classical test.
Regarding the survival of the animals, the reference drugs achieved 100%, and the only Schiff base that effectively increased survival in 62.5% of the mice was 10; compound 10 was also the second most active compound in the rapid test. Thus, this Schiff base offers some potential for the development of a treatment for Chagas disease and should be explored.
Conclusion
Nitro-derivative Schiff bases have been shown to have promising anti-T. cruzi activity. Although Schiff base 10 was not the most active in the in vitro assays, this compound was the most promising in the in vivo tests, showing a significant reduction in parasitemia and the highest survival rate under control conditions. For any new compound, extensive pharmacological and safety studies are required for the possible development of a pharmaceutical formulation to improve the therapeutic efficacy of the compound. The synthesis and evaluation of new nitro derivative Schiff bases will hopefully lead to the identification of improved candidates for treating Chagas disease.
